Hepatocellular carcinoma (HCC) usually develops in the context of chronic hepatitis triggered by viruses or toxic substances causing hepatocyte death, inflammation and compensatory proliferation of liver cells. Death receptors of the TNFR superfamily regulate cell death and inflammation and are implicated in liver disease and cancer. Liver parenchymal cell-specific ablation of NEMO/IKKc, a subunit of the IjB kinase (IKK) complex that is essential for the activation of canonical NF-jB signalling, sensitized hepatocytes to apoptosis and caused the spontaneous development of chronic hepatitis and HCC in mice. Here we show that hepatitis and HCC development in NEMO LPC-KO mice is triggered by death receptor-independent FADD-mediated hepatocyte apoptosis. TNF deficiency in all cells or conditional LPC-specific ablation of TNFR1, Fas or TRAIL-R did not prevent hepatocyte apoptosis, hepatitis and HCC development in NEMO LPC-KO mice. To address potential functional redundancies between death receptors we generated and analysed NEMO LPC-KO mice with combined LPC-specific deficiency of TNFR1, Fas and TRAIL-R and found that also simultaneous lack of all three death receptors did not prevent hepatocyte apoptosis, chronic hepatitis and HCC development. However, LPC-specific combined deficiency in TNFR1, Fas and TRAIL-R protected the NEMOdeficient liver from LPS-induced liver failure, showing that different mechanisms trigger spontaneous and LPS-induced hepatocyte apoptosis in NEMO LPC-KO mice. In addition, NK cell depletion did not prevent liver damage and hepatitis. Moreover, NEMO LPC-KO mice crossed into a RAG-1-deficient genetic background-developed hepatitis and HCC. Collectively, these results show that the spontaneous development of hepatocyte apoptosis, chronic hepatitis and HCC in NEMO LPC-KO mice occurs independently of death receptor signalling, NK cells and B and T lymphocytes, arguing against an immunological trigger as the critical stimulus driving hepatocarcinogenesis in this model.
Liver cancer is one of the most common malignancies and the third leading cause of cancer-related deaths worldwide. 1, 2 Liver cancer predominantly arises in the context of chronic inflammatory conditions, most notably in virus hepatitis (HBV and HCV). 1, 2 Although infectious agents are the primary cause of liver cancer worldwide, the incidence in western countries is rising due to the increase in obesity and non-alcoholic steatohepatitis. 3 The pathogenesis of hepatocellular carcinoma (HCC) is incompletely understood and it is plausible that the different underlying aetiologies determine a distinct context for liver carcinogenesis. However, the prevailing universal concept is that continuous liver parenchymal damage and hepatocyte cell death drive compensatory proliferation and within the context of a chronically inflamed liver tissue mutations and epigenetic changes accumulate eventually transforming hepatocytes into malignant cells. Therefore, understanding the tissue-intrinsic processes that determine cell death and chronic inflammation resulting in hepatocarcinogenesis is a critical need in order to design more effective therapeutic strategies.
The nuclear factor kB (NF-kB) pathway is implicated in cancer development in particular in the context of chronic inflammation. 4, 5 In relation to liver cancer, NF-kB signalling has been implicated in the pathogenesis of hepatitis, liver fibrosis, cirrhosis and HCC. 6, 7 The IKK complex, composed of two catalytic subunits, IKK1/IKKa and IKK2/IKKb, and a regulatory subunit termed NEMO/IKKg, activates NF-kB by phosphorylating inhibitor of NF-kB (IkB) proteins targeting them for degradation by the proteasome and thus allowing the nuclear accumulation of NF-kB dimers. 5 IKK2 is primarily responsible for targeting and degrading IkBa thus inducing canonical NF-kB activation, although the two kinases show some degree of functional redundancy in controlling canonical NF-kB signalling. 5, 8 NEMO/IKKg is indispensable for activation of canonical NF-kB signalling. [9] [10] [11] NF-kB signalling was proposed to exhibit tumour promoter or tumour suppressor properties in different models of liver cancer. In the Mdr2
À / À mouse model of inflammation-driven liver carcinogenesis, NF-kB inhibition caused by transgenic IkBa super-repressor expression in hepatocytes inhibited HCC progression. 12 Moreover, hepatocyte-restricted ablation of IKK2 prevented hepatitis and liver tumorigenesis induced by overexpression of lymphotoxins a and b in hepatocytes. 13 However, mice with hepatocyte-specific IKK2 ablation developed more tumours induced by a single injection of the chemical carcinogen diethylnitrosamine, 14 revealing a tumour suppressor role of NF-kB in this context.
Studies in mice lacking NEMO specifically in liver parenchymal cells (LPCs) further supported a tumour suppressor function of IKK/NF-kB signalling in liver cancer. NEMO LPC-KO mice showed spontaneous hepatocyte apoptosis resulting in chronic steatohepatitis and the development of HCC by the age of 1 year. 15 LPC-specific ablation of Fas-Associated with Death Domain (FADD or MORT1), an adapter protein essential for the recruitment of caspase-8 to the Death Inducing Signalling Complex and the induction of death receptor-mediated apoptosis, 16 prevented both spontaneous and LPS-induced apoptosis of NEMO-deficient hepatocytes and the development of steatohepatitis. 15 In addition, LPCspecific knockout of caspase-8 inhibited spontaneous hepatocyte apoptosis and HCC development in NEMO LPC-KO mice, although it caused non-apoptotic hepatocyte death and cholestasis. 17 Given the essential role of FADD and caspase-8 in mediating apoptosis downstream of death receptors, 16 we hypothesized that death receptor-mediated apoptosis of NEMO-deficient hepatocytes drives the development of hepatitis and HCC in NEMO LPC-KO mice. The three main death receptors of the TNF receptor superfamily that are capable of inducing caspase-8-mediated apoptosis are TNFR1, Fas/CD95 and TRAIL-R/DR5. 16 To address the role of death receptor-induced apoptosis in triggering the spontaneous death of NEMO-deficient hepatocytes and the development of steatohepatitis and HCC, we generated and analysed NEMO LPC-KO mice lacking TNFR1, Fas or TRAIL-R specifically in LPCs. Surprisingly, we found that LPC-specific knockout of each of the death receptors alone but also combined deficiency of TNFR1, Fas and TRAIL-R in LPCs did not prevent spontaneous hepatocyte apoptosis, hepatitis and HCC development in NEMO Figure S2C) . However, the liver of 8-week-old NEMO LPC-KO /FADD LPC-KO mice displayed some focal necrotic lesions that were surrounded by granulocytes (Figure 1b) , indicating that FADD ablation protected NEMO-deficient hepatocytes from apoptosis but triggered focal necrotic hepatocyte death resulting in mildly elevated serum ALT levels. Given the important role of FADD in preventing RIPK3-mediated necroptosis, [18] [19] [20] Figure S2D (Figures 1b and c) .
To Figure S1 ). Histological examination also confirmed the lack of tumours or dysplastic premalignant precursor lesions (Figure 1e ). Therefore, FADD deficiency fully protected NEMO LPC-KO mice from the development of HCC, demonstrating that FADD is essential for spontaneous hepatocarcinogenesis in this model. TNF is dispensable for spontaneous hepatocyte death, hepatitis and HCC development in NEMO LPC-KO mice. The finding that FADD deficiency prevented spontaneous hepatocyte apoptosis and HCC development in NEMO LPC-KO mice suggested that hepatitis and liver cancer in these mice are driven by death receptor-induced apoptosis. NF-kB inhibition sensitizes cells to TNF-induced apoptosis and p65 or IKK2 knockout mice die during embryogenesis due to TNF-mediated liver degeneration. 21, 22 The expression of TNF is upregulated in the NEMO-deficient livers ( Figure 2c) LPC-specific ablation of TNFR1, TRAIL-R or FAS does not prevent spontaneous hepatocyte death and liver inflammation in NEMO LPC-KO mice. In addition to TNF, Fas ligand (FasL) and TRAIL can also induce FADD/ caspase-8-mediated apoptosis. FasL and TRAIL and their receptors are expressed in NEMO-deficient livers, with TRAIL-R being strongly upregulated, suggesting that they might be involved in mediating apoptosis in hepatocytes lacking NEMO (Figure 3a) . To address the role of individual death receptors, but also potential functional redundancies, we used mice carrying loxP-flanked alleles of TNFR1, Fas and TRAIL-R to generate NEMO LPC-KO mice that lack each of these receptors alone or with combined deficiency of all three death receptors specifically in LPCs (the triple TNFR1, Fas, TRAIL-R LPC-specific knockout is denoted hereafter as 3DR LPC-KO for simplicity). Liver-specific deletion was confirmed by PCR genotyping (Figure 3b ). As we could not detect TNFR1 or TRAIL-R expression in wild-type or NEMOdeficient hepatocytes using FACS or immunoblotting, we performed quantitative real-time PCR to confirm the deletion efficiency for these receptors in genomic DNA from total livers or from isolated hepatocytes. We found efficient deletion of both TNFR1 and TRAIL-R in isolated hepatocytes, whereas in the whole liver the deletion efficiency was lower due to the presence of non-parenchymal cells that are not targeted by the Alfp-Cre transgene (Figure 3c ). Consistent with efficient ablation of TNFR1, hepatocytes from NEMO LPC-KO /3DR
LPC-KO mice were protected from TNF-induced apoptosis in contrast to hepatocytes from NEMO LPC-KO mice (Figures 3d and e) . Fas deletion efficiency was confirmed using FACS analysis of hepatocytes (Figure 3f ), whereas deletion of NEMO was demonstrated by immunoblotting in hepatocyte lysates (Figure 3g ).
Collectively, these data demonstrate that Alfp-Cre expression efficiently deleted all four alleles in the livers of NEMO LPC-KO /3DR LPC-KO mice (Figure 3e ). To assess whether TNFR1-, Fas-or TRAIL-R-mediated apoptosis induces the spontaneous death of NEMO-deficient hepatocytes, we measured serum ALT levels in 8- /  3DR LPC-KO mice for liver damage at the age of 8 weeks and found that they exhibited elevated serum ALT levels comparable to NEMO LPC-KO mice, demonstrating that even the lack of all three death receptors could not prevent spontaneous liver damage in NEMO LPC-KO mice (Figure 4d) . Macroscopically, the livers of 8-week-old NEMO LPC-KO and NEMO LPC-KO /3DR
LPC-KO mice looked indistinguishable (Figure 4e ). Histological analysis of liver sections from 8-week-old mice confirmed that LPC-specific ablation of the three death receptors could not prevent spontaneous hepatocyte apoptosis in NEMO LPC-KO mice (Figure 4g and Supplementary Figure S2C Figure S2) . Collectively, these results demonstrated that LPC-specific ablation of the three death receptors, TNFR1, Fas and TRAIL-R, could not prevent spontaneous hepatocyte apoptosis, compensatory proliferation and inflammation in the liver of NEMO LPC-KO mice, showing that death receptors are not the inducers of hepatocyte apoptosis and hepatitis in these mice. These findings are surprising and show that death receptor-independent pathways induce spontaneous FADD-dependent apoptosis of NEMO-deficient hepatocytes.
NEMO deficiency strongly sensitizes hepatocytes to death induced by LPS administration. 15 Similarly to the spontaneous apoptosis also LPS-induced apoptosis of NEMO-deficient hepatocytes depends on FADD expression. 15 Prompted by the surprising failure of the triple death receptor knockout to prevent spontaneous hepatocyte apoptosis in NEMO LPC-KO mice, we wanted to assess whether death receptor expression is required for LPS-induced liver damage in these mice. We therefore injected NEMO and control mice with a sublethal dose of LPS and examined liver damage after 10 h by measurement of serum ALT levels and histological analysis of liver sections. As shown previously, LPS administration induced massive liver damage in NEMO LPC-KO mice, as illustrated by ALT levels above 20 000 U/l and strongly increased numbers of apoptotic hepatocytes (Figures 5a and b) 24 To address the role of NK cells in the development of hepatitis in NEMO LPC-KO mice, we performed immunodepletion with anti-Asialo GM1 (a-ASGM1) antibodies in vivo (Figure 7a ). As shown in Figure 7b , after four consecutive a-ASGM1 antibody injections NK cells were efficiently depleted from the spleen and liver. However, analysis of serum ALT levels and also immunohistological analysis of liver sections obtained from the mice at the end of the experiment revealed that NK cell depletion did not prevent apoptosis and compensatory proliferation of hepatocytes, oval cell activation and inflammation (Figure 7c and Supplementary Figure S3) . Thus, NK cells are not required for spontaneous hepatitis development in NEMO LPC-KO mice. Cells of the adaptive immune system and in particular T cells are implicated in inducing liver damage in different models of hepatitis but also in human patients. We therefore addressed the role of B and T lymphocytes in NEMO 
Discussion
Signalling pathways activated downstream of death receptors, such as TNFR1, regulate cell death and inflammation and have been implicated in the pathogenesis of acute and chronic liver diseases and in liver carcinogenesis. 25, 26 Studies in knockout mice lacking NF-kB signalling components revealed an essential role of NF-kB in protecting the fetal liver from TNF-induced cell death. 21, 22 We therefore hypothesized that the spontaneous apoptosis of NEMO-deficient hepatocytes that results in chronic hepatitis and HCC development in NEMO LPC-KO mice is driven by death receptor signalling. 27 Consistent with our earlier results showing that FADD deficiency could prevent spontaneous and LPS/TNF-induced apoptosis of NEMO-deficient hepatocytes, 15 we show here that LPC-specific ablation of FADD also prevents HCC development in NEMO LPC-KO mice demonstrating that FADD-dependent hepatocyte apoptosis is essential for hepatocarcinogenesis in this model. In addition, LPC-specific knockout of caspase-8 could prevent hepatocyte apoptosis and HCC development in NEMO LPC-KO mice. 28 However, whereas caspase-8 deficiency caused massive necrotic hepatocyte death in NEMO LPC-KO mice resulting in severe cholestatic liver disease, 28 we found that FADD deficiency caused only very mild focal hepatocyte necrosis without any signs of biliary damage and cholestasis. This difference could reflect different functions of FADD and caspase-8 in regulating necrotic hepatocyte death, or alternatively a different health status of the mice considering that commensal or opportunistic microorganisms could be involved in triggering necrosis of hepatocytes.
On the basis of the well-established role of FADD and caspase-8 as mediators of death receptor-induced apoptosis, we were surprised that our extensive genetic studies failed to confirm an important role of death receptor signalling in triggering hepatocyte apoptosis, chronic hepatitis and HCC in NEMO LPC-KO mice. First, we found that conventional knockout of TNF or conditional LPC-specific individual ablation of TNFR1, Fas or TRAIL-R did not prevent liver damage and HCC in NEMO LPC-KO mice. Then, to address potential functional redundancies between the three death receptors we generated NEMO LPC-KO mice with combined LPC-specific deficiency of the three death receptors and found that even their simultaneous absence could not prevent spontaneous hepatocyte apoptosis, chronic hepatitis and HCC in NEMO LPC-KO mice. In contrast, triple death receptor deficiency could protect NEMO LPC-KO mice from LPS-induced liver injury, showing that different mechanisms trigger LPS-induced and spontaneous hepatocyte apoptosis in NEMO LPC-KO mice. An earlier study suggested that NK cells acting via TRAIL-R mediate hepatocyte apoptosis in NEMO LPC-KO mice. 24 Our results do not support a role for NK cells or TRAIL-R in mediating spontaneous hepatocyte apoptosis, hepatitis and HCC in NEMO LPC-KO mice. Consistent with our results using LPC-specific TRAIL-R knockout, a recent study showed that systemic TRAIL-R deficiency could not prevent hepatocyte apoptosis, hepatitis and HCC in NEMO LPC-KO mice. 29 In the same study, systemic TNFR1 deficiency could significantly protect NEMO LPC-KO mice from hepatocyte apoptosis and compensatory proliferation, liver inflammation and fibrosis, and also inhibited liver tumour progression. It is therefore surprising that LPC-specific knockout of TNFR1, and even in combination with Fas and TRAIL-R, failed to protect NEMO LPC-KO mice from hepatocyte death, hepatitis and HCC development. Considering that haematopoietic chimera experiments suggested that TNFR1 deficiency in radioresistant cells prevents hepatitis and HCC in NEMO LPC-KO mice, 29 one possibility is that TNFR1 acts in liver stromal cells that are not targeted by the Alfp-Cre transgene, such as stellate cells or endothelial cells to mediate hepatocyte apoptosis and liver tumour progression. However, in that case TNFR1 signalling must be driven by a ligand other than TNF as TNF deficiency failed to prevent or ameliorate liver damage and HCC development in NEMO LPC-KO mice. In conclusion, our experiments demonstrated that TNFR1, Fas and TRAIL-R signalling in LPCs is dispensable for spontaneous hepatocyte apoptosis, chronic hepatitis and HCC development in NEMO LPC-KO mice. These findings are surprising and raise questions as to which upstream pathway(s) trigger(s) FADD/caspase-8-dependent apoptosis of NEMO-deficient hepatocytes. In addition to TNFR1, Fas and TRAIL-R, DR3 is another death receptor capable of inducing NF-kB activation and FADD/caspase-8-dependent apoptosis upon stimulation with its ligand TL1A. 16, 30 However, DR3 is mainly expressed in T cells and has not been reported to function in hepatocytes, and we did not detect upregulation of its expression in the NEMO-deficient liver suggesting that DR3 is not involved in driving hepatocyte apoptosis in NEMO LPC-KO mice. Together, our results suggest that as yet unidentified death receptor, NK cell and B-and T-cell-independent mechanisms trigger the spontaneous FADD/caspase-8-mediated apoptosis of NEMO-deficient hepatocytes. Further studies addressing how NEMO controls the activation of FADD/caspase-8-mediated apoptosis will be required to shed light on the mechanisms triggering spontaneous hepatitis and cancer in NEMO LPC-KO mice and may be relevant for the pathogenesis of human chronic liver diseases and the development of HCC. 
/RAG1
À / À mice. (e) Representative macroscopic images and H&E-stained liver sections of 42-week-old mice with the indicated genotypes TNFR1 floxed, 33 TRAIL-R floxed, 34 Fas floxed 35 and Rag1 À / À . 36 All mice were maintained in C57BL/6 background. Animals were bred at the animal facility of the Institute for Genetics, University of Cologne, Germany. All animal procedures were conducted in accordance with European, national and institutional guidelines and protocols and were approved by local government authorities (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Germany).
Quantitative real-time polymerase chain reaction (q-RT PCR). Isolation of total RNA and cDNA synthesis were performed as previously described. 9 The gene-specific Taq Man assays were performed. mRNA expression was normalized to the expression of the housekeeping gene TBP. For the determination of deletion efficiency, genomic DNA both from isolated hepatocytes or whole-liver tissue samples was used to perform a SYBR Green q-RT PCR. Deletion efficiency was calculated as the ratio of copies of the deleted product to that of the control PCR product.
Serum levels of alanine amino transferase. About 100 ml of blood was collected either from the submandibular vein or from the caval vein during the final killing. ALT was measured using standard assays in a Roche-Cobas C111 biochemical analyser.
Hepatocyte and immune cell isolation from liver and spleen and FACS analysis. Primary hepatocytes were isolated by perfusing the liver via the caval vein with EBSS þ 100 mM EGTA followed by collagenase solution (EBSS þ 15 mg Collagenase D þ 2 mg Trypsin inhibitor) at 37 degrees. The liver was gently scraped in DMEM þ 1% FCS, filtered through 70-mm nylon filter, mixed with equal volume of 80% Percoll/HBSS solution and spun at 200 Â g for 7 min. Hepatocytes settled at the bottom were washed with PBS.
To determine the NK cell depletion efficiency using the anti-AsialoGM1 antibody, the liver and spleen immune cell populations were isolated and analysed using FACS. To isolate the immune cells from the spleen and liver, the tissues were mechanically dissociated in D-PBS using a syringe plunger, passed through a 70-mm cell strainer, and centrifuged at 1500 r.p.m. for 5 min. Liver immune cells were separated from hepatocytes by Percoll gradient centrifugation at 800 Â g for 20 min. Erythrocytes were lysed in 0.15 M NH4Cl, washed three times in D-PBS and diluted in Stain Buffer (FBS; BD, San Diego, CA, USA; 554656). The cells were pre-incubated with rat anti-mouse CD16/CD32 (Mouse Fc Block; BD, 553141) antibody for 10 min, and then incubated with CD45 (BD, 553081) and NK1.1 (BD, 550627) antibodies for 30 min in the dark. After two washes, the cells were resuspended in PBS and analysed using a BD FACScalibur (BD Biosciences, San Jose, CA, USA), whereas the data were analysed using Windows Multiple Document Interface (WinMDI) 2.9 for Flow Cytometry. Surface expression of Fas in hepatocytes was analysed by FACS using PE-labelled hamster anti-mouse Fas antibody (BD Pharmingen, San Diego, CA, USA; cat. no. 554258).
LPS and TNF responses. Age-and sex-matched animals between 12-and 15-week old were injected intraperitoneally with 2.5 mg of LPS (From Escherichia coli 0111:B4, Sigma-Aldrich, Munich, Germany; L2630) or 10 ng recombinant murine TNF per gram of body weight. Animals were killed 10 h after LPS and 5 h after TNF administration, and blood and liver were collected for analysis.
